Abstract. Differential-laser induced perturbation spectroscopy (DLIPS) is a new spectral analysis technique for classification and identification, with key potential applications for analysis of complex biomolecular systems. DLIPS takes advantage of the complex ultraviolet (UV) laser-material interactions based on difference spectroscopy by coupling low intensity UV laser perturbation with a traditional spectroscopy probe. Here, we quantify the DLIPS performance using a Raman scattering probe in classification of basic constituents of collagenous tissues, namely, the amino acids glycine, L-proline, and L-alanine, and the dipeptides glycine-glycine, glycinealanine and glycine-proline and compare the performance to a traditional Raman spectroscopy probe via several multivariate analyses. We find that the DLIPS approach yields an ∼40% improvement in discrimination among these tissue building blocks. The effects of the 193-nm perturbation laser are further examined by assessing the photodestruction of targeted material molecular bonds. The DLIPS method with a Raman probe holds promise for future tissue diagnosis, either as a stand-alone technique or as part of an orthogonal biosensing scheme. © The Authors. Published by SPIE under a Creative Commons Attribution 3.0 Unported License. Distribution or reproduction of this work in whole or in part requires full attribution of the original publication, including its DOI.
Introduction
Raman spectroscopy, a noninvasive, molecular sensitive spectroscopic tool with a significant amount of research done to improve and test its performance for biosensing, [1] [2] [3] [4] has been widely recognized and assessed, especially for earlystage cancer investigation. 2, 5, 6 The Raman spectrum can identify different biological and tissue components both in vitro and in vivo 7 by assigning specific groups within the molecular structures to their corresponding Raman vibrational bands. Unfortunately, this method often fails inside molecularly rich environments such as tissues consisting of varied components due to overlap of Raman bands that mask the useful information and hinder the ability for accurate and precise characterization. [8] [9] [10] As noted in a recent review paper, vibrational spectroscopic methods have been widely explored for analysis of various pathologies and organ systems, but as yet, "none have entered routine clinical practice." 2 A 2015 review article concludes that if the combination of vibrational spectroscopy and chemometric analysis is to be successfully transferred into clinical practice more extensive studies are needed. 11 Clearly, new schemes and approaches to vibrational spectroscopy are required for biological and tissue analysis.
Several methods such as surface-enhanced Raman scattering and coherent anti-stokes Raman scattering, which seek to increase Raman signal-to-noise ratios (SNR) and resolve additional peaks, 3, 12, 13 are limited for in vivo applications since they generally require injection of substrates, significant optical complexity and operator expertise, and additionally they are generally incompatible with fiber optic delivery. Regarding biophotonic signal processing, mathematical models are often constructed as linear combinations of multiple chemical components representative of both healthy and diseased tissue in an effort to provide a differential classification. 14, 15 Still, the applicability outside of the training data and closely related samples is often quite limited and clinically unacceptable, as noted above. Other models based on multivariate statistics including principal component analysis (PCA), hierarchical cluster analysis (HCA), partial least squares (PLS), [15] [16] [17] [18] [19] and support vector machines, 14, 20, 21 which aid in the interpretation of spectral data, have been used for further discrimination of different sample types. These methods are specifically used for data processing and their success is highly dependent on the quality of the acquisition schemes and may not be effective on all types of spectral noise or with poor signal quality (i.e., low SNR).
We present here a method called differential laser-induced perturbation spectroscopy (DLIPS) which combines low intensity ultraviolet (UV) laser-material interactions (nondestructive) with difference Raman spectroscopy for analysis of thin films of biologically relevant materials, namely amino acids and dipeptides, which are considered basic constituents of collagenous tissues. The analysis of the thin films of these biologically relevant materials is a key step to understanding the optimal use of DLIPS for future in vivo diagnostics. Wavelengths at the UV range are well absorbed and photon energies generally exceed all local bond energies. 22 Low intensity 193-nm irradiation (i.e., well below sample ablation thresholds) results in peptide bond cleavage for targeted collagen, destruction of molecular structure, and generally in linearity between laser-induced perturbation with laser intensity. 23 The coupling of 193-nm laser light specifically into collagen was previously quantified in terms of the absorption cross-section 24 and was later combined with other traditional spectroscopic techniques as the basis for the DLIPS approach for analysis of organic materials. 25 Of significance, the DLIPS technique was recently implemented using a 355-nm fluorescence probe for in vivo analysis of skin cancer in an animal model, showing statistically improved discrimination between normal and precancerous tissues as directly compared to a traditional fluorescence probe. 26 Here, we take a step back from our earlier in vivo measurements and focus on the fundamental constitutive materials using a Raman probe to gain additional insight into the DLIPS scheme in the context of classification.
Materials and Methods

Sample Preparation
The goal of the current study is to investigate basic solutions of molecules representative of collagenous tissues corresponding to the fundamental building-block level; hence, solutions of three basic amino acids and their related dipeptides were selected. Amino acid solutions were created by separately dissolving the three amino acids L-proline (17.3 mM), purchased from Fluka, and glycine (13.3 mM) and L-alanine (5.61 mM), purchased from Sigma Aldrich, in ultra-purified deionized (DI) water (Fisher Scientific) . Dipeptide solutions were created by separately dissolving (0.5 to 2 mg solute/ml of DI water) the three dipeptides Gly-Gly (7.57 mM), Ala-Gly (3.42 mM), and Gly-Pro (11.6 mM), purchased from Sigma Aldrich, in DI water. To prepare thin films of samples, the solutions were first stirred for 24 h and deposited onto 50-mm diameter UVgrade quartz flats, then were recrystallized at 35°C, resulting in dry thin films of the desired compounds. Microscopic examination of the resulting films revealed fractal-like structures dispersed over the entire quartz surface. To minimize any background fluorescence from the UV-grade flats, each was thoroughly cleaned in acetone and photobleached with an intense mercury lamp for a minimum of 40 min prior to solution deposition. 27 
Experimental Setup
The DLIPS set-up was realized with two lasers, enabling UV laser perturbation and Raman scattering without repositioning the target, as depicted schematically in Fig. 1 . A 488-nm Ar-ion laser was used as the excitation source for all Raman scattering measurements. A 488-nm laser line filter was placed at the Ar-ion laser output to provide monochromatic output by eliminating all other Ar-ion laser transitions. The Ar-ion laser beam was directed to a 488-nm dichroic Raman beam splitter (Semrock LPD01-488RU) and focused on the sample with a spot size of ∼2 μm using a microscope objective lens (M Plan Apo 50X/0.55, Mitutoyo) at a working distance of ∼15 mm. A kinematic mirror was employed to reflect the image directly to a real-time CCD camera to ensure accurate alignment and focus at the desired target spot. The Raman scattered light was collected in backscatter by the same microscope objective lens, collimated, and subsequently passed through the dichroic beamsplitter where it was lens coupled into an optical fiber bundle. A long-pass Raman edge filter (488 nm RazorEdge, Semrock, LP02-488RU) was placed in front of the fiber bundle to reject any 488-nm scattered laser light. The fiber was coupled to a 0.3-m Czerny-Turner spectrometer, dispersed using a 1200 g∕mm grating and recorded with a thermoelectrically cooled CCD array detector (Pixis, Princeton Instruments). Similar custom setups have been reported with various excitation sources. 15, 17, 28, 29 The Ar-ion laser beam power was controlled to prevent any damage to the target film and was set to ∼0.6 or 1.1 mW, depending on the specific sample. Film stability was assessed by subtracting consecutive Raman spectra acquired for a given film and power setting, reducing the power as necessary such that a difference of zero was repeatedly realized between any two consecutive recorded spectra.
To create the laser-induced perturbation effect for the DLIPS scheme, a 193-nm ArF laser beam (X5 Excimer laser, GAM Inc., 10.2 ns FWHM pulse width) was directed to the sample holder, focused using a UV-grade planoconvex lens to a diameter size of about 1.4 mm at the target, and projected onto the sample spot surface with a 65 deg angle of incidence. The excimer laser was operated at 50 Hz for all experiments using software control to precisely deliver a preselected number of pulses for each experiment. The centers of the Raman scattering and excimer laser perturbation beams were concentrically superimposed at the same target spot. The large mismatch in Raman and excimer beam focal diameters ensured that the entire Raman probe volume is uniformly exposed to the 193-nm perturbation beam.
The 193-nm excimer laser beam energy was set to 110 μJ∕pulse, providing the desired fluence of 3 mJ∕cm 2 at the target focal spot. This magnitude of excimer fluence is sufficiently low to avoid any direct ablation of the samples as presented in previous reports of our laboratory, 24, 26 noting that the typical ablation threshold of tissue and biological materials for the 193-nm excimer laser is on the order of 50 mJ∕cm 2 . It was necessary to deliver the excimer laser at near normal incidence rather than through the microscope due to the microscope objective incompatibility with the deep UV wavelength of 193 nm; however, the long working distance of 15 mm readily allowed beam access of the excimer beam. Because the DLIPS approach is based on "difference spectroscopy," it is imperative that the preperturbation and postperturbation Raman spectra be recorded from the exact same location; hence, the current static system with fixed probe and perturbation beams aligned to a common probe volume. As noted above, the zero difference of any two consecutive Raman spectra validates the spectrumto-spectrum stability of a given sample spot in the absence of any perturbation laser.
Raman data were collected from multiple spots spread over multiple thin film samples and flats. The 488-nm excitation, as described above, was collected and saved with Winspec/32 software (Princeton Instruments).The resulting Raman spectral window ranged from 497 to 1608 cm −1 . Various thin films were analyzed for a particular amino acid or dipeptide, thereby averaging over multiple films and substrates. For a given sample spot, each final spectrum was an accumulation of 40 images, with a per spectrum acquisition time of 3 s, for a total integration time of 120 s.
Data Interpretation
The acquired Raman spectra before the perturbation step were considered the "preperturbation" data, and the acquired Raman spectra following excimer laser perturbation were considered the "postperturbation" data for a given sample spot. Specifically, after the preperturbation data were acquired for a given sample site, the shutter of the Raman laser was closed and 800 shots of the 193-nm perturbation beam were immediately delivered to the sample. Following perturbation, a dark signal (i.e., background signal plus dark counts) was then collected while the Raman laser shutter remained closed for the same total accumulation time without moving the sample. The 120 s of dark signal acquisition following perturbation ensured two items. First, that the dark signal was recorded under identical conditions for each sample spot, thereby accounting for any changes in surface reflectivity or film transmission of ambient light. Second, it provided a fixed time period (i.e., repeatable) to ensure that any transient optical effects immediately following 193-nm UV irradiation were dissipated before then acquiring the postperturbation Raman signal. Earlier studies of probe beam transmission through collagen solutions following 193-nm excimer laser perturbation revealed both transient perturbation to optical properties as well as permanent bond cleavage, with transient effects decaying on the order of tens of seconds. 30 Following dark signal collection, the Raman laser shutter was opened and postperturbation Raman data were collected and saved using identical signal collection parameters. The DLIPS spectrum was finally obtained by directly calculating
in which the numerator represents the absolute difference in postperturbation, Em POST ðλÞ, and preperturbation, Em PRE ðλÞ spectra, noting that a negative signal represents a decrease in signal intensity at a specific wavenumber following laser perturbation, while a positive value likewise represents an increase in signal, and where Em DARK ðλÞ represents the dark Raman signal as described above. The denominator represents the "absolute" preperturbation Raman signal (i.e., dark-count subtracted), which has the effect of normalizing the difference spectrum, thereby generating a DLIPS signal indicative of the fractional change in Raman spectral intensity at each wavenumber (i.e., each pixel). For example, a value of −0.2 for a given wavenumber would correspond to a 20% decrease in Raman intensity following excimer laser perturbation. The DLIPS spectra were then normalized to the largest positive value. It is noted that for the peptide and dipeptide films examined in the current study, the observed preperturbation Raman vibrational peaks generally revealed decreases or no changes, while as discussed below, some new peaks were revealed following laser perturbation. In addition, the observed background signal (i.e., continuum baseline), which is attributed to broadband fluorescence as expected for the current biomolecular samples with 488-nm excitation, was always observed to "increase" following excimer laser perturbation. As a result, the overall DLIPS spectra were always positive. In summary, DLIPS data were collected and processed for a total of 45 sample spots for each of the six sample types (L-alanine, glycine, L-proline, Ala-Gly, Gly-Gly, Gly-Pro) in the study. All of the calculations were conducted by Winspec/32 Software as described above prior to using any of the multivariate analysis methods described at the following section.
Data Processing
All of the absolute Raman data, calculated as Em PRE ðλÞ − Em DARK ðλÞ, and the DLIPS data, per Eq. (1), were processed in an identical manner as follows. Whole data were mean centered, baseline corrected (using a cubic fit), divided by the sample range and normalized to the most intense band. Finally, spectra were smoothed by second-order Savitzky-Golay polynomial filter using 11 points. These preprocessing spectral methods have been widely used.
16, [18] [19] [20] [21] For initial analysis of the data, the Mahalanobis distance 15 was estimated and the data falling far away from this distance were considered as outliers. Approximately 10% of the whole dataset (from the original 270 Raman spectra and 270 DLIPS spectra) were dropped based on the outlier test, which is attributed to poor Raman SNR due to thin film regions, instabilities in laser power, film anomalies or impurities, or for the case of DLIPS, slight sample movement/ misalignment between the preperturbation and postperturbation Raman spectra, noting the rather high magnification (i.e., 50×). The remaining data were then used for the multivariate analysis with no further data omission.
Common multivariate analysis such as PCA, HCA, and finally PLS methods were used to explore the effects of the DLIPS scheme as compared to traditional Raman spectroscopy and to evaluate the performance of the DLIPS method for spectral classification. Particularly, in HCA, data clusters are formed by linking naturally similar samples based on their multivariate distances, and the resulting dendogram of HCA reveals these groupings visually. 19 For dendogram generation, samples were linked and grouped together based on the similarities in their structure, and the resulting tree-shaped structure shows the sample relations where the branch lengths are proportional to cluster distances. The similarity variable in HCA is a scale which is a customary transformation of intersample distances into a comprehensive value. It is inversely proportional with the cluster distances. PCA and PLS models, which can boost the performance of the interpretation of the data by magnifying the natural changes between two different groups by highlighting important variations inside the dataset, reduce the dimensionality of the data into a few components covering most of the variation information inside the data. 31 The principal components in PCA are forced to be orthogonal, whereas in PLS, they do not have to be orthogonal. 16, 17 All the chemometric analysis in the current study was performed using Pirouette (Infometrix, version 4.5).
Results and Discussion
Raman and DLIPS Spectra
The Raman and DLIPS spectra recorded from the amino acids and dipeptides were rich in spectral features between the wavenumber range of about 500 to 1600 cm −1 . The Raman shifts of amino acids were compared with the literature, allowing identification of most prominent peaks as discussed below. 32 For illustration purposes, three representative spectra from a single sample spot, namely the preperturbation and postperturbation Raman spectra and the corresponding DLIPS spectrum, are shown in Fig. 2 for a L-proline sample. As noted above, the increase in background fluorescence, which has the effect of a "positive offset" in the postperturbation Raman spectra, has the effect of generating overall positive DLIPS spectra. Relative decreases, as compared to the fluorescence background, in the Raman vibrational peaks are, therefore, manifested as downward peaks (i.e., less change than the baseline), which gives the DLIPS spectra an overall inverse appearance with regard to the traditional Raman spectra. This is readily observed in Fig. 2 , where vibrational bands appearing in the traditional Raman spectra as positive peaks are seen as downward peaks in the DLIPS spectrum.
In general, longer wavelengths (especially near IR) are commonly used to excite molecules for Raman systems for biological applications; 4 however, in order to increase the Raman signal, shorter wavelengths are often selected, given the inverse fourth-order dependence of Raman scattering cross-section on wavelength. 33 Since thin films were used in this study (i.e., low concentration of ∼0.1 mg∕cm 2 ), 488-nm excitation was selected to successfully resolve sufficient Raman peaks for classification studies. For all six sample types examined in this study, subtraction of two subsequent Raman spectra in the absence of any excimer laser perturbation revealed no difference (i.e., zero counts), ensuring that the 488-nm beam power was itself nondestructive (i.e., nonperturbative), and thereby promoting stable Raman spectra for the sample films and importantly, that any differences recorded with the DLIPS scheme were a result of only excimer laser perturbation.
Representative traditional Raman spectra (i.e., preperturbation Raman spectra) and DLIPS spectra as averaged over all sample spots for each sample type are plotted in Fig. 3 . Because both the DLIPS and Raman spectra are normalized between 0 and 1, noting that the maximum peak is generally different between the two spectral methods, they reveal similar spectral features and appear rather like complementary plots, as described above, although there exist key differences in the relative intensity of similar bands, as readily observed in the figures and discussed in detail below.
For quantitative analysis of the Raman and DLIPS spectra, PCA was employed to detect any differences in relative peak magnitudes by comparing loadings of the sample sets. The three PCA loadings for the total Raman spectral dataset are shown in Figs. 4(a)-4 (c) and in Figs. 4(d)-4(f) for the DLIPS spectral datasets, respectively. Accordingly, the most significant vibrational bands identified through the loadings of the PCA analysis of Raman and DLIPS datasets for classification, including their relative intensity in the Raman or DLIPS spectra were tabulated in Table 1 were more prominent in their respective DLIPS spectra, noting that the band assignments for these shifts can be readily found in the literature for the amino acids and dipeptides. [34] [35] [36] [37] [38] [39] [40] [41] The relative intensity differences as well as loading differences of the DLIPS spectral bands as compared to the Raman spectral bands are attributed to differences in the coupling of the excimer laser into various amino acids and dipeptides. It should be highlighted that these intensity differences between DLIPS and Raman spectral bands originated from the perturbative role of the UV light on the molecular bonds with DLIPS, as opposed to traditional vibrational response with Raman. Based on earlier studies, the 193-nm radiation is strongly coupled into and effectively photochemically cleaves C─N peptide bonds. 24, 25 In general, the high photon energy of 193-nm excimer laser (6.4 eV) is capable of cleaving most bonds in biological molecules; however, the current results (Table 1 ) reveal a preference for C─N bond perturbation over, for example, C─C and C─O bond perturbation. The effectively cleaved molecular peaks observed in this study are dominated by the many stretching or bending C─N vibrational modes. 37 In fact, it is a selective (i.e., preferential) bond perturbation with the excimer laser that is key to the DLIPS scheme, providing "additional" spectral information beyond simple vibrational spectroscopy (e.g., Raman or FTIR). Additionally, as presented in Table 1 , increased intensity of several vibrational bands distinctive from C─N vibrations for different samples was recognized in the DLIPS spectral data. Two distinct cases were observed for these changes. First, there were intensity changes at the particular vibrational bands of NH 2 þ and NH 3 þ groups, as well as some smaller groups, which are attached to the cleaved C─N bonds. It is suggested that once 193-nm light effectively cleaved the C─N bonds, these groups were liberated from their molecules at the sample surface, which results in the recorded difference in their vibrational modes. For the second case, an increase in intensity was observed for different vibrational modes of COO − ions. This is attributed to the electron deficiencies of carbon atoms inducing hydrogen (H) migration from the carboxyl groups that were previously connected to the nitrogen atoms prior to perturbation. The last effect was seen exclusively in amino acids in this study rather than the dipeptides. Such mechanisms most likely play a role in the overall increase in broadband fluorescence observed in the postperturbation Raman spectra. In aggregate, such photochemical mechanisms are hypothesized to account for a portion of the additional spectral information realized with DLIPS.
Raman and DLIPS Performance in Classification
The resulting two-dimensional PCA scatter plots of all six samples using three principal components are shown in Fig. 5 , which together account for ∼70% of the total variance. Visually, it is shown that groups of samples defined by their DLIPS PCA data are more separated than the traditional Raman spectroscopy data. Additionally, comparison of the factors of both DLIPS and Raman datasets reveals that the three PCA factors of the DLIPS dataset are slightly lower than the three factors of the PCA using the Raman dataset, which is an another sign of the separation of these groups.
To quantify the PCA performance of the DLIPS and Raman spectra for classification of the amino acids and dipeptides, HCA analysis was employed to the six samples. From Figs. 6(a) and 6(b), the HCA dendrograms of six sample types constructed by the Raman data and the DLIPS data can be seen, respectively. In this case, their features (vibrational bands) in their respective spectra were the recognition elements, and the similarity variable is shown at the top scale. The similarity variable was taken at the significant node of the dendrogram, the first node at which six different groups can be distinguished from each other. The similarity variable was 0.315 for samples defined by their traditional Raman scattering data, whereas the similarity variable was 0.201 for samples defined by their DLIPS data, noting that a smaller similarity variable corresponds to a more successful degree of classification. This demonstrates that the groups of samples defined by their DLIPS data are further away from each other than the groups of samples defined by their Raman data, with the latter data yielding >50% greater similarity variable. In this analysis, the similarity variable is appropriate because all of the samples that are marked with the predefined classes correctly fall into the same HCA-defined classes at the point where all six different groups could be realized (i.e., no single mismatching between predefined and HCA-defined classes).
As noted above, PCA and HCA analysis revealed the DLIPS method as a classification scheme for six biologically relevant samples. In addition, a PLS regression model was developed to further quantify the classification ability of the DLIPS and traditional Raman data sets. 17, 18, 29 For PLS analysis, 10 factors were used to build a model which together accounted for ∼99% of the total variance. Since the purpose was to directly compare the two datasets on PLS model quality, rather than dividing the data set into two halves for model development and validation, respectively, as is commonly done, 15 the entire datasets were used to evaluate the PLS model performance. The PLS models were then used to classify the entire datasets. The predictions of PLS models for both Raman and DLIPS spectral datasets are shown in Figs. 6(c) and 6(d). The solid line represents the x ¼ y values, whereas the nodes are individual predictions of samples, where it is observed that samples described by the DLIPS dataset were tighter. For quantification of the two models, the matrix of residuals of the PLS models was used to calculate error sum squares (ESS). The ESS was calculated as 8.03 for the Raman dataset and was 5.33 for the DLIPS dataset. Similar to the HCA analysis, the RSS value of the Raman data was slightly more than 50% larger than that recorded for the DLIPS data, corroborating the superior classification with the DLIPS approach.
Conclusions
In this study, the comparison between the DLIPS method and the traditional Raman spectroscopy method was demonstrated using several common chemometric data analysis routines. It is shown that the use of low-intensity UV laser light for perturbation of the amino acid and dipeptide molecular structures, as measured with a Raman probe, provides a new and superior spectroscopy-based classification tool, as rooted in the observed permanent UV-induced photochemistry, notably C─N chemistry. In view of earlier work with the DLIPS method using a fluorescence probe for in vivo detection of precancerous tissue, 26 the use of DLIPS as a new probe for biological materials, including tissue, is promising. The quantitative improvement of DLIPS for classification analysis in biological applications using multivariate analyses suggests the potential of DLIPS as a stand-alone diagnostic, or in combination with other schemes (i.e., Raman or fluorescence) in an orthogonal sensing methodology. The use of the DLIPS approach in such an orthogonal sensing scheme is advantageous, as the use of the preperturbation spectra (e.g., the preperturbation Raman spectra in the current study) yield the traditional spectral data at no additional cost. Moreover, the nature of the DLIPS method may provide convenience for clinical applications in vivo such as enabling a single-fiber probe, useful to mitigate target movement via contact, to monitor abnormalities. Higher excimer laser repetition rates (e.g., 400 to 500 Hz) can also greatly increase the speed of such clinical applications. Finally, we note that one is not exclusively limited to the 193-nm perturbation wavelength; hence, the opportunity exists for optimization of both perturbation wavelengths as well as resonance probe wavelengths. Future research should explore more complex biological samples, including additional animal models, to further validate the DLIPS approach, either as a stand-alone spectroscopy technique, or in conjunction with Raman and fluorescence spectroscopy.
